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Rat liver homogenates in 0.1 M Tris, pH 7.5, were 
heated to 80 ^C, cooled immediately, and centrifuged 
at 24,000 X ff, and ^Be^*^ was added to the supernatant. 
Twenty-five per cent of the radioactivity was bound to 
a single protein. It was purified to homogeneity and 
identified to be ferritin as judged by different criteria. 
These were sucrose density gradient centrifugation» 
electrophoresis in polyacrylamide gel of the native or 
sodium dodecyl sulfate- treated protein, reactivity to 
antibodies, isoelectric focusing, and total amino acid 
composition. Comparative study of the ability of fer* 
ritin or apoferritin to bind Cd^*, 2n**, Cu**, and Be^^ 
was conducted by using a gel equilibrium technique, 
Centifree micropartition technique^ and microcentri* 
fuge desalting technique. Ferritin could be saturated 
with Cd** or Zn^ or Cu*^ but not with Be*-^ even after 
800 g atoms of Be^^ were bound. None of the bound 
Be'^ was dialyzable at 4 ""C in 0.05 Tris acetate buffer, 
pH 8.5, but at pH 6.5 over 80% of the bound metal ion 
was dialyzed after 72 h. By contrast, apoferritin bound 
similar amounts of all four metal ions, some of which 
were dialyzable. By spectrophotometric titrations at 
pH 6.5 of Be*^ with sulfosalicyiic acid (SSA), Be^^x 
was calculated to be 5.0 x 10~^ m and by competition 
of sulfosalicyclic acid and ferritin for Be^*^ the 
Bejr^«rritio was calculated to be 6.8 x 10"^ M. 



Excessive intake of any cation is toxic. The toxic level and 
the expression of toxicity vary with the cation. For example 
in experimental animals, exposure to Pb causes, among other 
ill effects, inhibition of certain specific enzymes involved in 
the synthesis of heme (1). In addition Pb causes replacement 
of Fe in heme by Zn thus generating a nonfunctional Zn- 
protophorphyrin (1). In some instances, living systems re- 
spond to the toxic metal ions such as Cd^'^, Cu'^*, or Zn^^ by 
synthesizing metallothionein to sequester the detoxicant. The 
resulting protein binds a maximum of about B g atoms of the 
metal ions/mol (2). 

One of the less commonly occurring metal ions in the 
environment is beryllium. This metal ion, atomic weight of 
9.0122, is the lightest of the divalent metal ions. It is also one 
of the most toxic elements known. All forms of Be^*, even at 
very low concentrations, adversely affect living systems (3). 



The molecular basis for the toxicity of Be** is as yet unknown. 
However, it is well established that some enzymes are inhib- 
ited by micromolar concentrations of Be''*'. Thus, out of great 
many enzymes tested, only three were inhibited at low con- 
centrations of Be** (4, 6). These were alkaline phosphatase 
(6, 7), phosphoglucomutase (8, 9) and (Na*K*)-ATPase (10). 

Our interest in Be*^ toxicity originated during our earlier 
investigations on the structure- function relationship of phos- 
phoglucomutase from diverse origin (8). One of the parame- 
ters chosen for such a study was the effect of Be'* on the 
activity of pure phosphoglucomutase from different species. 
The results showed that the rabbit muscle phosphoglucomu- 
tase binds a maximum of 1 g atom of Be^* and such an enzyme 
metal complex is inactive. The binding of Be** to the enzyme 
is facilitated by chelating agents such as EDTA or cysteine 
because they do not chelate with Be^'' but remove other metal 
ions already bound to the enzymes (3). Subsequent studies 
showed that although partially purified phosphoglucomutase 
from rat liver was completely inactivated by micromolar con- 
centrations of Be^*, the enzyme activity in crude homogenates 
could be inhibited only partially (11). Indeed, at comparable 
concentrations of protein and Be**, the susceptibility to the 
inhibition of different preparations of liver phosphogluco- 
mutase were: pure phosphoglucomutase > dialyzed extract > 
crude extract (11). This suggested that in a normal rat liver 
this enzyme is protected by at least two factors of different 
molecular weights; pure phosphoglucomutase contain neither, 
crude extracts contain both, and the dialyzed extracts contain 
only one,4he large molecular weight protector(8). 

Our search for the nondialyzable component led us to the 
isolation of a protein with a high molecular weight and capable 
of binding large quantities of Be^*. In this paper it is identified 
as the iron storage protein, ferritin. Further, binding of Be^* 
to ferritin is compared to that of Zn**, Cd**, and Cu**. Binding 
of Be** is in signifidantly greater amount than of other diva- 
lent metal ions. The majority of this Be'* appears to bind to 
the iron core of ferritin. However, binding of Be^* to the 
protein shell is also likely because apoferritin bound up to 
160 g atoms of Be**. Speculation is made as to how the 
physical and chemical characteristics of beryllium would give 
rise to the observed binding. 

EXPBRIMBNTAL PROCEDURES^ 
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The ^Experimental Procedures" arc presented in miniprint as 
prepared by the authors. Miniprint is easily read with the aid of a 
standard magnifying glass. Full size photocopies are available from 
the Journal of Biological Chemistry, 9650 Rockville Pike, Bethesda, 
MD 20814. Request Document No. 83M-561, cite the authors, and 
include a check or money order for $2.80 per set of photocopies. Full 
size photocopies arc also included in the microfilm edition of the 
Journal that is available from Waverly Press. 
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M<CBriai« 

'oeCl, Icarrirr free, in 0.1 H HCU «nd "'cdCl, Ccarrier froe. in o. 1 
M ncU were purchased froa Aoerahaa. «*Cn llO isCl/«« copper, in mtOy} and 
*SlnCl2 (carrier frae. in 0.5 M HCl» vera purchased fro» New England Nuclear. 
Sephacryl SJOO, Sephacryl S lOO. Se;.ha.l<?» ClOO (nediun) . SephadcK 
<i>ed;ttai). Sepharoto CL-6B. and the molecular Mi^ht proec&n atandarda wore 
purchased fron Pharaacia. Horse spleen ferritin ms purchased iron Siw 
•n6 further purified as described below. Agar diffusion placet were pur- 
chased fron Travenol Laboratories. PM30 filters, u«2 filters, and Centrlfree 
nicropartitions kite were purchased from Mnicon. All other re«9ent9 were 
purchaaed froo SiytM or Baker. Rabbit antiserum against horse spleen ferri- 
tin ana sheep antieerua against Jiunan ferritin were kindly provided by pt. 
l.Listowsky of Albert Binstoin School of Hedieine. New York, HY. 

Hethoda 

Eluatos from colttwks were oonitored at >«0 na. Whenever necessary pro- 
tein concentration was Measured by cither the method of Lowry et al. (12) or 
Bradford II Jl using bovine oeruai albumin as a standard and loultipLying by 
Appropriate correction factors. For the Lowry assay, protein '.'elues for 
ferritin and apoferritin were nultiplietf by 0.7 correction factor to get the 
best approximation. For the awthod of Bradford, protein values were AOlti- 
plied toy 0. 7i Cor ferritin and by 0.82 for apoferritin co get the best 
approsiaiation. The correction factors were detenained by conpjrin^i the 
valves obtained colorimetrically and by Kjeldahl nitrogen analysis fl4). 

fron in ferritin or apoferritin was deternined by atoaic sbeorption 
spectroscopy on an IL 157 lostruaentation Laboratories sp«ct rophotoewter . 
Radioactivity was neasured with a Beeksun gama counter. Protein saaples 
for phosphete analysis were first digested In H2SO4 and ware then analysed 
for inorganic phosphate by the method of Bartlctt IISI. 

Pertficatton of Metal lotnionein^ ^OScd-thionain w«s purified frosi rat 
liver aeeertflng to the procedure of Vender Mat lie *nd Carvey (l«) with 
sone nodi fi cat ions. Siu adult aiale albino rats fCharlcs River CD) were 
given dally injections of CdS04 in 0.85% NaCl (1.0 og Cd/Kg body vt/per rat 
on Che first day and 2.0 nig c<l/K9 body vt/per rat daily for the following s 
<lays). Another group of sis sate was similarly Injectea with BeS04. luts 
were MCririced snd uieir livers were honogenised in S votwes of 0.1 H Tris- 
MCI buffer. pM 7.4 containing 0.1 mg/nl pheny Ine thy Isulfony fluoride. The 
honogeoate waa centrifuged at 70.000xg for 30 ninutes and the pellet was 
diecarded. The supernatant was heated to 00<» in a boiling water bath, 
cooled issaediately and eentriSuged at 27.«00jt9 for 10 adnutee. To the super- 
natant was added either lA^CdClj Cfor Cd injeeted aninals) or ''BeCl; ifor 
Be Injected anlnals). To the radioactivcly labeled heat stable supamatants 
was added solid anneniun sulfate (24.3 g/iOO ml) and after 30 minutes the 
preoipitete forced was centrifuged at 27.000xg lor 10 nioutes and saved for 
radioactivity cosnting. To the eupernatonfe was added solid a«sonlu» sulfate 
C37.S g/lOO »l). After 30 siinutes, the precipitate was centrifuged at 
27,000«g for 10 ainutes. The resulting pellet w«« dissolved in ainireat 
eneunt of « «h Trls-HCI buffer. pH 7.4. To this solution was added cold 
Acetone (-ISO) to a final concentration of 50%. After eentrif ugation at 
27,e00xg for 10 ainutes s^re cold acetone w«a added to the supernatant ce 
yield a final CODCentration of 80% acetone. The solution was then centri- 
fuged at 37,e00xg for 10 ainutes. and the pellet was dissolved in o.S an 
Trio'NCl, pH 7.4. Further parifieaiton was acco«viis»ed by Sei^adex C-7S 
chronat09raphy and DBAE cellulose chrosMto^rapny as described by Vender 
Natlie and Garvey (IC) . tfhenever required, epo-thionein was also prepared 
according to Vender Nellie and Carvey (17). 

Purification of 'aerv lllwn ftindlno Protein. " Pour adult albino rats 
ICharles River CO) were sacrificed, their livers rewved, rinsed free of 
blood and hoaogeeised in 5 volumes of 0,1 M Trls pH 7.4 containing 0.1 aig/ml 
of phcnylroethylsulfonyl fluoride. The honosenate was centrifuged for 30 
nlnutea at. TO.OOOitg at 4« and the pellet was discarded. The. supernatant was 
heated to epoc for 1 minute In a boiling water bath, cooled on ice, and then 
centrifuged at 2 7.000xg for 10 nlnutes. ^aeClj (0.05 «c> was added to the 
heat stable supernatant and the solution was incubated overnight at 40. To 
this solution was added aoUd araMniun sulfate (34.39/100 mlt and after 30 
ninutes the precipitated protein was reaoved by centrifugation for 10 mln. at 
27,O00«g. The precipitate was dissolved in 0.5 nN Tris pH 6.5 and applied to 
a Sephacryl S200 column I3»70 ca) previously eijuilibrated with the same 
buffer. The sample was then eluteJ with the same buffer. Fractions of 5 al 
each were collected and assayed for protein and radioactivity. Fractions 
cluting with the void volune which wore of constant specific radioactivity 
(crn/A»«0««i were pooled and concentrated wien an Aaicoa concentrator using 
a cm; filter. 

Purification of wat Liver Ferritin. Ferritin was purified by th* pro- 
cedure or Linder and Hunro (18) with slight Modifications. Purification pro- 
cedure %<aa the saae aa that for the beryllium binding protein up to and in- 
cluding Che steps leading to the heat stable supernatant. The heat stable 
supernatant was brou^ht to pit 4.B with dcopwise addition of O. IS N seetie 
acid. After I hour at 5<» the denatured precipitate was contrifugcd. Solid 
an:inoniu» aulfate v^a added to the supernatant (31.3 g/100 ail. After l hour 
the precipitate forned was centrifuged at 24.000xg for 20 axnutes. The pel- 
let was dissolved in O. OSH phosphate pti 7.0 and applied to a Sephadex ClOO 
(BM^diuo) column (3x70 cm| equilibrated and eluted with the saec buffer. 
Ferritin, which c luted with the void volaoc. was concentrated as above. 



Fu rification of Horse Spleen Ferritin. Ferritin purchased frop si«. 
was first di.lyred against 1000 v«luoe. 0.61 H Tris pll 8.S containing 0 S 
COTA overnight at appu.d to a Sophorose CL-«B colcnn (J»70 col equi 

librated and clutcd w»th O.Ol n Tris pH 6.5 containing .5 «M EOT*. five 
cilUliter fractions were collected and the absorbance at 280 no was ffioni- 
torod. Fracitons in tne aaior peax were pooled and dialycod twice ,t $0 
against 1000 voluees of 0.05 H Tris-HCI pH •.$. Final preparations of 
cleccrophoretieally pure horse spleen ferritin were stored in plastic vials 



Furification of Horse Spleen Ao pfcrritin. Approxioately 6 »9 of horse 
spleen ferritin was dialytcd for 3 hours at 5<»c against 2 liters of li thio- 
glyoolate in 0. 1 K acetate buffer. pH S.6. The thioglyeolate was reaoved by 
further dialysis against 4 liters of o.l M acetate buffer, pll 5.« for 3-4 
hours at 50. followed by dialysis against 2 liters of 0.05 M Tris-HCl . pH 1.5 
with Cheie. 100 to move residual iron. in spite of this trestaent. the 
final preparation eontained between 24 and 3o graa atoas of iron por native 
apoferritin or 1-1.3 g atoe of iron per subunit. This is leas than 1% of 
ferritin which contains 4 0O0 g atots of iron. 



Analytical Technieues. visible and ultraviolet absorption spectra were 
recorded with a Cary 19 double beam spectrophotometer or a Beckaan do? spoe- 
trophotoneter. Ouchterlony isssuaodi f fusion precipitation was done by 
applying 10>*1 of protein sai^les ( Um/al > to ths surrounding wells snd the 
antibody in the center well of the agarose qel plate. After precipitin bands 
becane visible, the gel was wsshed extensively in 0.05 phosphate pii 7.4 in 
0.85% tiaCli stained with O.Sl eoonassie blue in aothanol: acetic scldswater 
l5:lsS) and destained with the sane solvent.. Isoelectric focusing was con- 
ducted as described by Jeppssoo (l«). a 30>Ag aliquot of protein wea X 
applied to precast UCB gels (5% acrylaoide pii J.5 - g.S) eleetrofocused / 
1500 V { zoaH) for l.S hours and stained with coomassle brilliant blue R-Vsuf^ 
Total aaiino acid eoapoaition of acid hydrolysates of the iron free proteins 
was determined with standard techniques using a Beckaan asUno acid analyxer 
(20). Sediaentation velocities were deternined by sucrose density gradient 
centrifugation as described by Martin and Anas f2l>. A 2.0n« protein sample 
in O.l al was layered On a S.o ml of a 20-SOt sucrose gradient In 0.01 H 
phosphsee. pH 7. 0 and eentrifu9ed at TO.OOOxg for • hours la an SWSO. 1 rotor. 
The gradient fractions were assayed for procein by absorbance at 2B0 na. 

Electrophoresis of native protein containing 'oe** was do.ne in dupli- 
cates on 5< pelyacryiaaide tube gels with broaphenol blue as the dye aarker. 
One tube 90! was stained with eoonassie brilllsnt blue R-2S0 and the other 
cut into 4 sections, each aection was digested for 12 hours at 60^ in 
capped vials eontainlno 2OO/1I of 30% H^Oj. tta each of these viala was added 
4al of scintillation fluid (S.5q Peraablend (Paekazd) per liter of toluene 
and one-third voluae of Triton-xlOO) and counted for radioactivity. 

Subunit aoiecular weiehc was deterained bv elect rophoreais on SOS- 
polyacrylaaide qels usioe the aethod Of Laenali (22). Proteins were dis- 
solved In 0.05 M Trls-HCI pH «.• contaioinq 3\ SOS and 2% 0-aarcaptoethanoi. 
Sanples were heated for 5 ainutes in a boilin? water bath and elect ropboreaed 
with appropriate atandsrds on 12.51 acrylaaide slab ^ela. Staining of pro- 
teins was with cooaasaie brillient blue II250. 

quantitation of Me tal Binding Capacttiea of Proteins by Equitibrlua Cel 
Filtration. Centrlfree Separation, an d wicrocentri f uoe Oeaalti no Techniques. 
equilibriua gel filtration of horse spleen ferritin and apoferritin was 
earried out using the aethod of Pietersoo at al. (23), For each coluan run 
approsioately 0.« ng of protein was lyophilised snd rediasolwd in O- 3 \v 
metal containing buffer. For In2*, cd^*, and Cu** the metal-buffer consi 
of 0.2 aM of the respective aetal salt and 0.O5 N Tris-HCl pH 7.4 buffer. 
Por »n2* and Cd»* radioactive tracer aetal waa used to sonitor metal ceneon- 
tratien. Concentrations of cu»* were detecsdned by atoaie absorption spec- 
troscopy. In each case, protein was monitored by abaorbance at 280 nm. Pro- 
tein samples eluting with the void voluae was pooled and assayed for protein 
by towry assay and for radioactivity by gaana counter. An aliquot of the 
pooled oanpiea was dialyzed twice against lOOO volusvs 0/ 0.01 « Tris-HCl pH 
7.4 to remove loosely bound natals. a second aliquot was dislysed against 
0.01 H Tris-HCl. pH 7.4 and 0.2aM BOTA to quantify tightly bound aetal ions. 

Centrlfree micropartition technique (Amicon) was used to quant itata both 
the atfinity and tha asKiaal anount of metals that could be bound to ferritin. 
This nethod pcraits the separation of bound and tree Uganda. Ferritin or 
apoferritin from horse spleen »#ere incubated for IS ninutes with various 
amounts of Individual aetal ions (tn'*. C«l7* or Ctt>*> . Renainin9 froo notal 
was separated froa the bound aetal by centrifugation in the Centrlfree fil- 
ter for 15 minutes at 3100 rpa in a fisad angle elinical centrifuge, in all 
cases, metal concentration waa quantified by atonic absorption speetropho- 
toicetry by radioactive tracer. 



Solubility of BeS04 decreaaes with increase in pK. Thus the following 
procedure was eeployed to prepare fie-Buffers. To 0.05 cn unlabeled BeS04 
tu.ibuf fared) was added radioactive ^BeClj (carrier free) and the specific 
radioactivity (CFn/nole Pe) was deternined. This solution was then adjusted 
to pH C.)-«.S with a dropwise addition of 0. 1 N Tris baae. The solution was 
then filiered through a nieroporous filter (0.45 >ia. Aaloon) . the concen- 
tration of Be quantified by atoade absorption spectrophotometry and used 
irjaediately for the binding studies. 
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Horftc rpl««n tmrritinm containing varioot csottnta et bound 5«'* were 
prepared by tt*iB9 tt>o Microcvntr I fog* d*s«ltiA9 ccchniquo of iioreorherBt «Ad 
Stoket 1141. A uull Aaount of qt*aa wool .vat placeil in • 10 al ptaatic 
Ayrinqc body and chcn pecked vlch C-7S acphadoa (vodiunl in O.OS n Tria-RCI 
pn 6.) and O.OOSI atid« to produce a bed wo I cue of ) o). cotuan* wore pr»- 
cenirifuged (or 1 Binotcs at lt*0 rpta io a rvinqing backci t/pc clinical 
c«acriCu9«. Sa&plos coatainlog boraa «pl»«n (arritlii wore iacobated with 
0.05 H Tri«-HCl pii *.S and various aaount* o( ''OeSOi laa prepared above I . 
iacubacion aixturea wore eeneentratad approxieately 10 fold by ultrafiltra- 
tion (PM 10 filterl asd the concentrated protein waa applied to the pre- 
centrifu^ed colusn. Ttvc col utm was then contrifuged as before • but for 7 
ainutca. Tbr eloted 0«*£errltin wea then quontlficJ for (he asownt of 'oe^* 
bound. Protein waa aoaaured by absorbance at IBOna. aillitlog extinction 
ceorfieicncs of 16.90 A^OOna/a, ferritin and 1.23S A'^^/aq apoferrikln. 
Thoae valuoa were obtained by p«rallel awasureBenia by caloriaetry ualnq 
Uowry teat and abaorbance at 280 n». 

The beryl Hub chelator, sul foaat icylic acid (SSA) . was used to rcoovo 
be'* froe B«*rerrltlA«. ^Oe-ferrltln, prepared aa deeerlbed above, waa in- 
cubated with varying aoounts of SSA and then (he *0c-5SA waa separated froa 
'Oc^* which reeainod bound to ferritin by cent rifugat ion in Centrlfree (il- 
tera for IS axinute* at 3100 rpa. fiaasvrcfwnte of Che radioactivity In the 
filtrate quantified the aaovot of be'* reaoved fron ferritin by SSA. 

The affinity of Be'* for SSA waa neasurad by speetrophoconetrlc titra- 
tions, varying aeeiinte of OeSO^ were added to SSA in 0.0$ fl Tria pM «.» 
buffer in a final volua* of 1.0 al And the (ncreaae in absorbance at 310 na 
was aeasured with a Beefcoan 0O*Y trpctftropAiotoaater. 



RESULTS 

Isolation of a High Molecular Weight "Be^^ -binding Pro- 
tein" — Afi observed earlier (11), in crude liver extracts phos- 
phoglucomutase is partially protected by dialyzable and non- 
dialyzable factors. We first test^ to see whether metallothi- 
onein could be one of the dialyzable factors, because it binds 
divalent metal ions such as Zn^^, Cd^*^, and Cu^ and its 
synthesis is induced by these metal ions. Accordingly, groups 
of rats were injected with Cd** or Be** and the isolation of 
liver metallothionein was attempted. Although our procedure 
for the induction and purification of Cd-thionein yielded the 
expected protein, injection of beryllium failed to induce me- 
tallothionein synthesis. When '^Be^* was added to the heat- 
stable supernatant of the liver faomogenates of rats, 25% of 
the soluble ''Be^* appeared in the 0.4 ammonium sulfate 
precipitable Action, a fraction in which metallothionein does 
not precipitate (17). The remainder of the ^Be** was either 
free or bound elsewhere. A procedure developed for the puri- 
fication of this Be^-binding protein is described under "Meth- 
ods." The purified brick red protein eluted in the void volume 
of a Sephaciyl S200 column, suggesting a molecular weight of 
at least 150,000. In polyacrylamide gel electrophoresis the. 
native protein migrated as a single band containing the bound 
beryllium (Fig. 1). 

Identification of the Be^'*^ -binding Protein as Ferritin — In 
20-50% sucrose gradients the Be^'^-binding protein sedi- 
mented very closely to the horse spleen ferritin which was 
used as a standard. To test the identity of ferritin with the 
Be^*-binding protein^ rat liver ferritin was purified by the 
established procedure (18). In sucrose density centrifugation» 
rat liver ferritin and the Be'^ -binding protein sedimented as 
single proteins at 64.8 and 61.4 S, respectively. Visible and 
UV absorption spectroscopy indicated that both proteins had 
a broad absorbance below 400 nm, although the rat liver 
ferritin had a greater absorbance per milligram of protein. 
However, these differences disappeared when the proteins 
were treated with thioglycolate and dialyzed to remove iron. 
Both proteins had a subunit molecular weight of about 20,000 
(Fig. 2) which is expected for ferritin. The two proteins had 
similar amino acid composition as well as electrophoretic 
patterns on isoelectric focusing gels (data not shown). 

The identification of Be*'*'- binding protein as ferritin waa 
further established by their identical antigenic properties. Fig. 
3 shows that the rat liver ferritin and Be^'^-btnding protein 
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Fig. 1. Native polyacrylamide gel electrophoresis of Be'*^- 
binding protein. 60 fig of Be^'^-binding protein was electrophoresed 
in duplicate on 5% polyaciylamide tube gels. One ge) was stained for 
protein and the other cut into 4-mm thick slices and the radioactivity 
counted. 
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Fig. 2. Sodium dodecyl snlfate-polyaerylamide gel electro- 
phoresis (12.5% acrylamide). Subunit molecular weights of Be'**^- 
binding protein (right) and rat Uver ferritin (cenler).were determined 
to be approximately 20,000 each. lane Indicates Be*'^-binding 
protein plus standards, glyceraldehyde-S-phosphate dehydrogenase 
{36K), myoglobin U7K), and lyspxyme 





Fic. 3. Immunological precipitation of ferritin and Be'^> 
binding protein with antiferrltin antibodies. Ouchterlony gel 
diffusion plates reacting {A) rabbit anti-borse spleen ferritin or (B) 
sheep anti-human ferritin with (i) rat liver ferritin, {2) Be^'^-binding 
protein, and {3) horse spleen ferritin. 

formed continuous precipitin lines and formed a single spur 
when adjacent to horse spleen ferritin. 

Thus, the two proteins were indistinguishable as judged by 
sucrose density sedimentation, sodium dodecyl sulfate-poly- 
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acrylamide gel eiectrophoresis, total amino acid composition, 
isoelectric focusing, and reaction with antibodies. 

Quantitation of the Binding of Zn^\ Cd^^, Cu^*, and Be^^ 
to ferritin and apoferritin—^Once the Be^'*"-binding protein was 
identified as ferritin, horse spleen ferritin was used for further 
studies. First, the equilibrium gel filtration method of Pieter- 
son et aL (23) was employed to determine equilibrium binding 
of metals to ferritin or apoferritin at a 0.2 mM concentration 
of Zn^"*", Cd^^, or Cu*"^. Fig. 4 shows a typical elation profile 



X 

E 

o 



•J 








1 40 60 80 100 
1 froction 



Fig. 4. Zn-equilibrium gel chromatography of horse spleen 
ferritin. The protein sample was dissolved in Zn-containing buffer, 
applied to a Sephadex G-75 (coarse) column, and eluted as described 
under "Experimental Procedures.** Protein was monitored by ab* 
sorbance at 280 nm and Zn concentration was measured by a '^n 
tracer in a gamma counter. 



for ferritin run on the Zn**^ equilibrated column. Similar 
elution profiles were obtained for Cd^* and Cu*"^, Fractions 
containing protein-boxmd metal ions were pooled and dialyzed 
against Tris-HCl buffer or Tric-HCl containing EDTA to 
distinguish the loosely and tightly bound metal ions (Table 
I). As seen, under equilibrium conditions ferritin bound 176 g 
atoms of 2n'^ and of Cd^* but only 58 g atoms of Cu'*. After 
dialysis against Tris-HCl, only 64 g atoms of Zn'*, 83 g atoms 
of Cd'*, and S4 g atoms of Cu'* remained bound to ferritin. 
Dialysis in the presence of EDTA removed all but a small 
percentage of the bound metal, and different ferritin metal 
complexes were not distinguished on this basis. 

In contrast to ferritin, apoferritin bound much less of Zn'*' 
and Cd**. The amount of Cu** bound to apoferritin (50 g 
atoms) was similar to that bound to ferritin (58 g atoms). 
Dialysis of metal-apoferritin complexes against Tris-HCl re- 
duced all metals bound by about 50% and further dialysis 
against EDTA reduced C^d'* and Cu'* to 3 and 11 g atoms, 
respectively, similar to the levels remaining in ferritin. Zn'*, 
however, was not significantly removed by EDTA. 

In another series of experiments the equilibrium binding of 
Cd'*, Cu'*, and Zn'*^ to ferritin or apoferritin was studied by^ 
Centrifree separation. This method is less time-consum( : 
and allowed the variation in the concentration of metaJibn^ 
incubated with the protein. Fig. 5 shows the Scatchard plots 
(25) for Cd'* and Zn'*. From these the dissociation constants. 
Kd (-l/slopc), and the binding capacities, n (x — intercept/ 
protein concentration) for Cd'*, Cu'"*, and Zn** were calcu- 

Tablb I 

Gram atoms of divalent metals bound to ferritin and apoferritin in 
equilibrium, get filtration 

The experiment was done at the saturating concentration of metal 
ions, which for Zn. Cd, and Cu involved 0.2 mM divalent metal and 
0.05 M Tria, pH 7.4. 



Ferritin 



Apoferritin 



Undiabrxed 


Buffer 
dialyzed 


Buffer -¥ 
EDTAdi- 
alyzed 


Undia- 
lyted 


Buffer 
dialyzed 


Buffer + 
EDTA di- 
alyzed 


Zn 175 U 
Cd 224 .20 
Cu 58 3 


64 9 
83 4 
34 7 


11 6 
3 0.2 
9 3 


36 6 
71 31 
50 4 


38 5 
20 2 


34 8 

3 0^ 
11 1 




J 



OlO OI5 
fZfi] bound. mM 



0*15 



005 0 10 

[CcQhoimd. mM 

Fig. 5. Scatchard analysis of divalent metal binduig to ferritin <0) or apoferritin (•). Metal ions 
tested for binding by the Centrifree method were Zn** {A) and Cd'* <B). These plots were then analyzed for gram 
atoms of metal bound in) and dissociation constant {Ka) as shown in Table U. 



BNSDOCID: <XP_ 



_2350446A_I > 



BEST AVAILABLE COPY 



Ferritin and Beryllium Binding 



10877 



Tablb If 

Binding parameter of divalent metals for ferritin and apoferritin as 
determined by micropartition followed by Scatchard plot 



Metot 




Ferritm 


Apoferntin 


n 




n 








X 10-* M 






Zn 


135.2 


6.25 


65.3 


3.93 




251.0 


44.1 






Cd 


76.7 


1.56 


29.0 


1.92 




61.6 


6.11 






Cu 


26.4 


13.0 


26.0 


7.65 



1000- 



lated (Table II). As seen, ferritin has two classes of binding 
affinities for Zn^* and Cd^^, but only one for Cu^^. For 
apoferritin, each of the three metals showed a single class of 
binding sites. The affinities of all the metals were of the 
magnitude of 10"^ M (Table II). Comptired to apoferritin, 
ferritin bound more of Cd^* and Zn^^ As was seen in equilib- 
rium gel filtration, ferritin and apoferritin bound similar 
amounts of Cu^'*'. Some discrepancy between the results ob- 
tained by the Centrifree method (Table II) and by equilibrium 
gel filtration is apparent. In these eases, the Centrifree method 
is probably more reliable because the numbers represent 
extrapolation to the maximum number of binding sites. 

The equilibrium gel filtration technique was unsuitable for 
Be^'*^-binding studies because, as shown later, ferritin bound 
at least 800 g atoms of Be (see below) and at the protein 
concentration required for such studies, the amount of soluble 
Be^* was insufficient to saturate the system. Therefore, bind- 
ing of Be^'^ to ferritin or apoferritin was studied by the 
Centrifree method. Fig. 6 shows the beryllium -binding data 
plotted with gram atoms on the y axis and total Be^**" concen- 
tration on the X axis. As seen, apoferritin bound a maximum 
of 460 g . atoms of Be^**", but ferritin was not saturated even 
after it bound 800 g atoms of Be^^ When the binding of Be'^ 
was monitored by the microcentrifuge desalting method, it 
was expected to measure only those metal ions which were 
tightly bound (Fig. 6). Amounts bound as detected by this 
method were only slightly less than those observed by the 
Centrifree method. At 0.22 mM total Be^"^, ferritin bound 827 
g atoms by the Centrifree method and 760 g atoms by the 
desalting method. In contrast, apoferritin under similar con- 
ditions bound 160 g atoms by Centrifree method and 60 g 
atoms by the desalting method. Measurement of iron showed 
no change in the amount of iron bound after Be was bound 
to ferritin or apoferritin. This ruled out a replacement of iron 
by Be^"*" in these proteins. 

To determine whether Be^* either precipitated or disso- 
ciated after it was bound to ferritin, aliquots of three samples 
of ferritin containing 128, 377, and 599 g atoms of 'Be were 
centrifuged in a sucrose gradient. For Be- ferritin containing 
128 g atoms, all the 'Be'* migrated with ferritin during the 
centrifugation. For higher amounts of 'Be** in ferritin (377 
or 599 g atoms) about 20% of the 'Be remained on top of the 
gradient and the remainder migrated with the ferritin. This 
suggests that some of the bound Be^'*' dissociated due to 
dilution, and that the amount of dissociable Be^* is dependent 
on the amount bound. 

Quantitation of the affinity of Be^* for ferritin and the 
dissociation of the bound Be^* from ferritin was accomplished 
by using SSA,' a known reversible chelator for Be^*. 

Affinity of Be^^ for Sutfosalicyclic Acid — To carry out the 
above experiment, it was first necessary to determine the 



« 500- 




Ol 0-2 0-3 

[BeJ, mM 

Pic. 6. Binding of Be'^ to ferritin and apoferritin. Amounts 
of Be bound as a function of Be concentration are measured by 
Centrifree technique (ferritin, apoferritin, P) and by microcentri- 
fuge desalting technique (ferritin. O; apoferritin. •). 



dissociation constant of Be^"^ for SSA at pH 6.5. Spectropho- 
tometric titration of SSA with Be** (Fig. 7) revealed that 
binding of Be^* decreases the absorbance at 300 nro and 
increases the absorbance at 310 nm. 

The concentration of Be SSA complex was determined by 
the equation: 



(BeSSAl 



(Abs»^ - Abslk^) 

£O10nm 



(1) 



where JP'*®"" = molar extinction coefficient for Be SSA = 
4.088 X 10'. The term Abslk^k is equal to the absorbance of 
free SSA at 310 nm expressed as a fraction of a total of 0.05 
mM SSA. This is calculated as follows: 



AhsSg. = Abso-(iiii^lz^^ 



(2) 



where Abso^*° =^ absorbance of 0.05 mM SSA alone at 310 nm 
~ 0.842. Combining Equations 1 and 2 and solving for [Be • 
SSA], 



IBeSSAl 



r £*3l0nm _ 



5 X 10" 



1\ 



(3) 



*The abbreviation used is: SSA, sulfossUcylic acid 



Using Equation 3 and the absorbance values at 310 nm, the 
amount of Be SSA complex and amount of free SSA are 
calculated. 

From the Scatchard plot of the data (Fig. 8) the SSAk^b. at 
pH 6.5 was calculated to be 5.04 x 10"^ M. 

Affinity of Be** for Ferritin — The competitive removal of 
'%e** by SSA was determined by adding increasing amounts 
of SSA to 'Be** , ferritin followed by the separation of the 
'Be** SSA from ferritin by Centrifree method. Fig. 9 shows 
the increase in 'Be^* removal from ferritin at increasing 
concentrations of SSA. Three 'Be-ferritins were utilized. They 
contained 83, 335, and 698 g atoms of Be**, respectively. 
Horizontcd lines represent the maximum amount of 'Be** that 
could be removed from each 'Be- ferritin. As can be seen in 
the three curves, SSA removed all but 20-40 g atoms of Be**. 
The affmity of Be** for ferritin was calculated by using the 
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Fig. 7. UV absorbance spectrum of SSA with increasing levels of Be**. B is an enlargroent of the 
rectangle shown in A, The buffer used was 50 mM Tris acetate, pH 6.5. The concentration of SSA was 0.05 mM in 
each sample. The final concentrations of Be'^ were 0 mM <a), 0.04 mM (6). 0.05 mM (c). 0.06 mM (d). 0.073 mM 
(e), and 0.10 mM (/>. Absorbances at 310 nm were measured for quantitation of bound and free Be''*' (Fig. 8). 



following relationships: 
Be -ferritin ?=t Be + ferritin, 



BexDferritia ^ 



SSA + Be 7^ Be-SSA, BeiussA 
SUM: Be. ferritin SSA 



[Be] (ferritin) 
(Be -ferritin] 

[Be SSA) 
(Be)[SSA) 

ferriUn -f- Be SSA, 

(ferritinKBeSSA] 
(SSA](Be ferritin] 



(5) 



(6) 



(7) 



Thus, the equilibrium expression (7) of the reaction carried 
out is the sum of two individual components (5 and 6). From 
these three reactions. 



(ferritin](BeSSA) ^ 
(SSA)[Be.ferritin) " ^exi^u^ • BeK^ssA 



(8) 



When half of the total Be^* is removed from ferritin, the 
concentrations of ferritin and Be- ferritin are equal. There- 
fore, Ekiuation 8 simplifies to: 

(Be SSA] 



= Be#(j>f«f 



-BBkaSSA 



(9) 



[SSA] 

From the data for Be ferritin containing 699 g atoms of Be** 
(Fig. 8) half. maximal removal of Be** was achieved at 3.7 X 
10"* M SSA. We now simplify the left half of Equation 9 and 
substitute the known values: 




0-04 



0*08 



(Be SSA] 



(1.55 X 10-*M) 



(2.7 X 10~* M - 1.55 X 10-* M) 



^ 1.35 



(|SSA]»oui - IBe SSA]) 

The value of Be/c«ssA in Equation 9 is calculated as the inverse 
of the dissociation constant of Be for SSA as determined in 
the previous section: 

BeK^A = ~ — « 1.98 X 10* M-» 

We then substitute the values of (Be SSA/SSA) and 
BeK>issA into Equation 9 and solve for the dissociation constant 



Fig. 8. Scatchard plot of Be'* binding io SSA. Amounte of 
bound and free Be** were determined from spectrophotometric data 
(Fig. lA) as described under '^Results.'* From the least squares fit line 
the dissociation constant, SSAjcABft was calculated to be -*l/sl(^ 
5.04 X 10*^ M. 



of Be^* for ferritin (Bexofernan): 
1.35 



1.98 X 10* 



« 6.80 X 10-* M 



Thus, by an indirect method the affinity of Be'* for ferritin 
is calculated. 
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FlG. 9. Removal of Be*^ from ferritin by SSA. ^Be - ferritins 
of three different Be** contents were made as described under **Meth- 
ods": 83 g atoms of Be'* M). 335 g atoms of Be'* (B). and 698 g 
atoms of Be** (C). ^e ferritin (20 nM) and increasing levels of SSA 
(final concentration 0.) mM) were incubated in a 0.5-ml final volume 
with 0-05 M Tris-HCl. pH 6.5. buffer for 2 b at 20 Ferritin-bound 
Be^* was then separated from SSA-bound Be^* by the centrifree 
method. Horizontal lines represent the expected Be -SSA levels if all 
Be** were removed from ferritin. 



DISCUSSION 

The data presented here clearly establish ferritin as one of 
the m^or beryllium binding proteins in liver cytoplasm. 

Consistent with the observations of Piotrowski and Szy- 
manska (26), in our hands, injections of Be^"^ did not induce 
the synthesis of metallothionein. In addition, apothionein did 
not bind Be*^ in vitro.^ This was expected because divalent 
metal ions form mercaptides with metallothionein (2) and 
Be^* does not form such bonds (27). Be'*, however, does 
complex with phosphates and carboxylates (28. 29). Ferritin 
contains such groups. Indeed, carboxyl residues in ferritin 
bind Zn** and TT)^* (30). Chasteen and Theil (31) have shown 
that vanadyl ions, VO^"'. compete with Zn**, Fe** Fe^*. and 
Tb^* for the binding to apoferritin. Similar EPR signals of 
VO^* complexed with malonate or apoferritin further under- 
score the importance of carboxylate residues for metal binding 
(31). Beryllium also complexes with various nuclear non- 
histone phosphoproteins (3) and other phosphate compounds 
(27). The well documented presence of phosphate in the iron 
core of ferritin (32) makes this protein well suited as a Be''*' 
chelator. We have observed in one of our preparations that 
horse spleen ferritin containing 1500 g atoms of iron had 322 
g atoms of phosphate whereas its apoprotein containing 29 g 
atoms of iron had no detectable phosphate. Thus, most if not 
all of the phosphate in ferritin seem to reside in the iron core. 

Beryllium salts in aqueous solution and at neutral pH form 
hydroxides. Unlike other group IIA elements, beryllium tends 
to form bonds of substantially covalent rather than ionic 
character. This has been attributed to the fact that beryllium 
has a relatively high nuclear charge coupled with a small 
atomic radius (33). Beryllium hydroxides are quite insoluble 
in water. Kosel and Neuman (27) have shown that a 50 mM 
aqueous solution of BeSO^ titrated with NaOH formed insol- 
uble Be(0H)2 at pH 5.5 and above. This presents a problem 

' D. J. Price and J. G. Joahi. unpublished observations. 



when the binding of Be'^ to biological substrates is measured. 
Therefore, Parker and Stevens (34) used the SSA Be** com- 
plex as a Be^* donor to determine the affinity of Be'* for 
nuclear acidic non*histone proteins. In calculating these affin* 
ities, however, the affinity of SSA for Be^* appeared to have 
been ignored. It was therefore not surprising that SSA • Be 
and citrate • Be complexes gave veiy different results for the 
affinity of Be*'^ to non-histone proteins. The data presented 
here show SSAkob* to be 5.04 X 10'^ M. In these calculations, 
a 1:1 binding of SSA to Be^"*^ is assumed. Das and Aditya (35) 
have showm 1:1 binding of SSA to Be'* at pH 4.5 and 4.0. 
They have reported that at higher pH (between 9 and 11). 
SSA binds to Be^* in a 2:1 ratio. Since our pH (6.5) was much 
closer to 4.5, we concluded that the binding our experiments 
was primarily in a 1:1 ratio. The fact that our calculated 
SSAjfoBc (5.04 X 10"* M) was much smaller than that deter- 
mined by Das and Aditya (5.4 x 10** M at 0.05 ionic strength 
and 29.5 *C) may be due to increased ionization of SSA at the 
higher pH. Using our value for SSA/coBei the affinity of Be^"*^ 
for ferritin was determined. 

The large amount of Be^* bound to ferritin is especially 
noteworthy. Ferritin bound greater than 800 g atoms of Be^*' 
under both equilibrium and diaJyzed conditions. This large 
amount of tightly bound Be** bound is probably associated 
with phosphate (322 g atoms) which is present in the iron 
core. We were also able to get as high as 1200 g atoms of Be^^ 
bound to ferritin at a higher total Be**^ concentration. The 
high levels of Be*'*' bound to ferritin under these conditions 
may be an artifact if a loss of subunits from the ferritin shell 
has occurred. If the calculation of molar quantity of ferritin 
molecules is erroneously low due to this damage, then it would 
appear that the gram atoms of Be*^ were greater than were 
actually bound to each ferritin molecule^ Perhaps, Be^**^ tightly 
associated with the core disrupts the iron oxyhydroxide-phos- 
phate lattice and results in the partial breakdown of the 
ferritin molecule. 

Apoferritin binds substantially less Be*^ than did ferritin 
and of the 160 g atoms bound only 50-60 are tightly bound. 
Since the percentage of tight binding Be*"^ is so much lower 
for apoferritin than for ferritin, one would suspect a different 
mode of binding. Thus rather than binding to the residua] 
iron (29 g atoms) or phosphate (none detected) of apoferritin, 
we suspect that Be** is bound to the carboxyl residues of 
aspartic or glutamic acid or the hydroxyls of tyrosine on the 
protein shell. 

Binding of Zn*% OP*, and Cu** to ferritin or apoferritin is 
compared to that of Be**. In some instances Scatchard plots 
are employed despite the limitations of this method (36) 
because it permitted better comparison of our data with those 
of Macara et al (37) who studied the binding of various 
divalent metal ions such as Zn*"", Cd**, Cu**, Mn**. and Tb'-** 
to apoferritin. It was found for all these metal ions except 
Mn** that 2^3 metal ions/subunit were tightly bound and 3- 
4 metal ions/subunit were loosely bound. For Mn*'*^ there is 
only 0.5 metal ion tightly bound and 2 metal ions loosely 
bound per subunit. Our results for the binding of Zn**, Cd^'^, 
and Cu***^ to apoferritin were very similar to the results of 
Macara et aL (37). Although we obtained a hyperbolic Scat- 
chard plot for these metals as did Macara et aL, we have only 
determined values for what are the most tightly bound metals. 
Our results for the binding of Zn**, Cd**, and Cu'* to ferritin 
show some different trends. Zn** and Cd** binding to ferritin 
showed an increased number of low affmity sites, but there 
was also about a 50% increase in the high affinity sites 
compared to apoferritin. Cu** binding is not increased for 
ferritin as was the case for the other metals. Harrison et al. 
(42) has reported that ferritin and apoferritin have the same 
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number of high affinity sites for Zn*^ Our results suggest that 
during the formation of ferritin from apoferritin some new 
high affinity Zn^^ sites are created. 

The binding of Be** to apoferritin was of particular interest 
when compared to the binding of other metals. We show that 
apoferritin binds a total of 6.7 g atoms/subunit and of these 
only 2.1-2.6 are tightly bound. Thus» our findings of loosely 
and tightly bound Be** to apoferritin are in close agreement 
with those observed for other metals by Macara et at (37). It 
is therefore likely that in the ferritin molecule the carbojcylate 
residues are required for Be** binding just as they have been 
shown for the chelation of Zn** (38). 

The binding of Be^ to ferritin appears to be different from 
that of other metals. Although all the metal ions except Cu'* 
showed binding which could be attributed to the iron core, 
beryllium binding was by far the highest in amount and 
affinity. This binding could be to either phosphate or ferric 
hydroxide components of the core. However, since phosphate 
is known to bind Be**, the binding of Be** to the phosphates 
of the core is the most likely possibility. Experiments are now 
in progress to test this possibility. To quantify the tightness 
of the binding of Be** to ferritin, we have measured the 
removal of the metal ion from ferritin by a known chelator, 
SSA. This technique is analogous to that of Vailee and 
Coombs (39) who estimated the binding of Zn** to alcohol 
dehydrogenase. 

The sequestering of Be** by ferritin is significant not only 
because of the large amount bound and the Ughtness of 
binding, but also because the bound metal would have only 
limited accessibility to other proteins. The x-ray data of 
Banyard et aL (40) has shown that the only access to the 
ferritin core is through pores of 10 A diameter of the 4-fold 
axis of the protein shell. Thus, formation of beryllium com- 
plexes in the iron core of ferritin would make Be nonaccessible 
to other proteins which might have a higher affinity for 
bezyllium. In particular, enzymes which are susceptible to 
inhibition by beryllium could be protected by this sequestra- 
tion. 

The tissues shown to accumulate highest amounts of in- 
jected beryllium, liver and spleen (41), are also rich sources 
of ferritin (42). We have reported previously that Be** injected 
into rats is sequestered at least in part by ferritin (43) and 
that in vitro ferritin can reactivate alkaline phosphatase, 
phosphoglucomutase, and (Na*K^).ATPase which are inhib- 
ited by micromolar concentrations of Be** (44). This is so 
despite the fact that, as shown in this paper, Be/cofemtio is 6.8 
X 10~* M. A partial explanation for this apparent discrepancy 
is that these studies were done at pH 7.4 and at alkaline pH 
the Be** bound to ferritin is nondialyzable. Presumably, like 
the ferric hydroxy phosphate sequestered by ferritin. Be** is 
also internalized although this remains to be established. In 
addition, under reactivating condition used for enzyme studies 
the concentration of ferritin is greater than that of the en- 
zymes, and compared to the enzymes ferritin binds far more 
Be^-^. It is not claimed that ferritin is the only Be^* binding 
protein capable of a protective effect. Nevertheless, based on 
the properties of beryllium binding shown here, ferritin may 
function as a natural detoxicant for beryllium. 
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